INTRODUCTION

28
There are many examples for which the adhesion associated 29 with liquid junctions between solid surfaces is important, such as 30 granular materials, 1À3 hard disk drives, 4À6 nanotribology, 7,8 nano-31 lithography processes, 9,10 and in the interaction of particles 32 within the lungs. 11À13 Under static conditions, the adhesion arises 33 from capillary attraction while viscous forces will also be devel- 34 oped when there is relative motion between the solid surfaces. 35 Liquid bridges have been studied theoretically by numerous 36 researchers, and also experimentally often with water or another 37 Newtonian fluid. For example, atomic force microscopy (AFM) 38 has been employed widely to investigate the capillary forces, 14 in- 39 cluding the effect of humidity on condensed bridges for hydro-40 philic and hydrophobic systems, 15À17 the critical effect of tip 41 geometry on the magnitude of the forces and the rupture 42 stability, 18, 19 assessing the geometry of nanoscale contacts, 20 43 and the stability of nanoscale aqueous liquid bridges taking into 44 account possible effects arising from cavitation. 21 The influence 45 of surface wetting on the capillary forces between solid planar 46 surfaces has been considered for both aqueous and nonaqueous 47 systems. 22, 23 For rigid spheres, analytical and closed-form approx- 48 imations have been developed for the capillary interactions 15,24À26 49 and also the viscous force in the lubrication limit. 27À29 Non- 50 Newtonian fluids have been considered primarily for polymeric 51 systems, when it is possible to approximate the flow behavior by a 52 power-law relationship. 30 The effect of non-Newtonian flow on 53 the separation of a sphere from a flat surface has been inves- 54 tigated, 31 in which the analytical solution derived by Streator 32 55 provided a lower bound for the separation time. 56 The current work involves the measurement of adhesion, at 57 small separation distances in the vicinity of the peak adhesive 58 force, using colloid probe AFM for thin films of a range of 59 Newtonian and viscoelastic poly(dimethylsiloxane) (PDMS) 60 liquids deposited on Si wafers. The detachment of a spherical 61 probe from thin Newtonian liquid films has been considered 62 previously using a pendulum, 33 a load cell, 34 and AFM. 35 The 63 current work builds on the previous research by considering the 64 total viscous and capillary contributions to the measured force, as 65 well as interpreting the experimental data by extending existing 66 theoretical models to account for linear and nonlinear viscoelas-67 ticity including stress overshoot. The validity of the models is 68 evaluated by comparison with the experimental data. 69 
THEORETICAL
70
In this section, theoretical models are described for calculating the 71 adhesive force developed during the separation of a liquid junction. They 74 such that the location of the three-phase contact line defining the liquid 75 contact radius, a, is approximated by ignoring the meniscus. The axial 76 and radial coordinates, (z, r), are also shown with an origin on the planar 77 surface. The gap between the colloid probe and the planar surface, s(r), 78 has a minimum value s(0) = S. The models assume that the adhesive 79 force is the sum of the capillary attraction and that associated with shear 80 flow in the lubrication limit. Numerical models involving extensional 81 flow terms are required at larger separation distances and will not be 82 considered in the current work. 83 2.1. Capillary-Viscous Model. Matthewson 33 proposed that the 84 total force, F, acting on a sphere of radius R, when partially immersed in a 85 perfectly wetting thin film of a Newtonian liquid and with a separation 86 velocity, _ S, is the sum of the capillary, F C , and viscous forces, F V , thus and where σ is the surface tension, H is the film thickness, and η is the 90 viscosity of the liquid. The second term in eq 1 assumes that the 91 lubrication approximation is valid and that there is a no slip boundary 92 condition. For the current system, the first assumption is valid since data 93 analysis is restricted to minimum separation distances between the 94 colloid probe and the Si wafer that are at least an order of magnitude 95 smaller than the wetted contact radius of the probe (a . S). The no slip 96 condition will be discussed in section 5.5. The first-order expression for 97 the capillary force (eq 2) was employed rather than obtaining a closed- Since the force acting on the probe is due to the deflection of the AFM 103 cantilever, it is necessary to account for the beam stiffness or spring 104 constant, k, as follows:
where V is the drive velocity of the fixed-end of the AFM cantilever and 106 S 0 is the minimum separation distance at t = 0 corresponding to the time, 107 t, at which retraction of the probe is initiated following the dwell period. 108 Equating eqs 1 and 4 and including the possible effect of the 109 acceleration of the probe, and assuming the effect of fluid inertia to be 110 small in comparison, the resulting equation of motion may be written in 111 nondimensional form as follows:
where m is the total effective mass of the AFM beam assembly and € S is 114 the acceleration of the probe. The effective mass is the sum of the mass of 115 the colloid probe, m c , and the effective mass of the cantilever beam, m b . 116 For the rectangular cross-section beams used in the current work, m b 117 may be determined on the basis that the deflection of a cantilever under 118 point loading at the free end may be closely approximated by the first 119 mode shape of an oscillating cantilever, thus 37 
where τ is the shear stress, λ is a time constant, η 0 is the shear viscosity at 128 a zero strain rate, _ γ is the strain rate, and D/Dt is the Jaumann's or co-129 rotational derivative. They found that it was not possible to obtain an 130 analytical solution to eq 8 for the case of constant force and suggested an 131 approximate solution that may be written in the following form: The first term in eq 9 is equivalent to the response for separation at a 136 constant strain rate such that the stress at t = 0 is zero and increases with 137 increasing time to an asymptotic value corresponding to a Newtonian 138 fluid with the same zero shear rate viscosity. The second term is the 139 response due to a sudden initiation of motion, which is defined as stress 140 overshoot. It can be seen that the initial value of this expression is zero 141 but becomes significant when t ∼ λ before decaying toward zero as t f ∞.
142
This second component would always be always positive regardless of 143 the direction of motion of the probe; that is, it is path independent, 144 whereas the sign of the first component depends on the velocity so that it 145 is path dependent. 146 Neglecting inertial and extensional terms, the momentum equation 147 for radial incompressible flow reduces to the lubrication approximation:
where P is the pressure distribution in the fluid. where a is given by
The resultant force can be obtained from the integral of the pressure 161 distribution:
where
This may be generalized for a Maxwell fluid with multiple relaxation 164 times by applying the linear superposition principle, thus
where N is the number of Maxwellian spring-dashpot elements in 166 parallel, and the modulus of each element, G i , is given by The expression for the adhesion force can be derived for the current 169 flow configuration by replacing the Newtonian viscous force in eq 5 with 170 the viscoelastic force to give assuming a Newtonian velocity field (eq 12), the strain rate at the surface 184 of the sphere, that is, when z(r) = s(r), is as follows:
:
The mean strain rate is defined as
where θ is the azimuthal angle. Consequently, the mean strain, γ av , may 187 be obtained by integrating eq 22 with respect to time. 188 This result can then be substituted into the constitutive eq 9, while 189 eq 23 is used to calculate the strain-dependent viscoelastic modulus of 190 the liquid, G(ω,γ), where this modulus may be a transient or dynamic 191 value at a fixed time or frequency, respectively: 192 where h(γ) is described by a damping function of the following form: 42 193 where α and β are parameters fitted to the measured strain-dependent 194 behavior of the liquid. This assumes that the effects of strain and strain 195 rate are independent. 196 Hence, the constitutive eq 9, neglecting stress overshoot, can be 197 written as
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An expression for the force can be derived in analogous way to eq 20: with an initial thickness that was varied using a multivariate iterative 257 calculation procedure. Table 1 lists the thicknesses of the films used for 258 the AFM measurements. for different values of the capillary number, Ca, which is defined as 316 follows: shows the best fits of eq 24 to the rheometry data for 346 PDMS5 and PDMS7. Table 2   T2 lists the α and β parameters 347 calculated for PDMS4À7 for use in eq 24, which describes the which extends and thins as the probe is increasingly retracted. 405 Finally, there is a rupture event, in this case at a fixed-end 406 displacement of approximately 1.5 μm.
407
The measured peak adhesive force, F peak , was normalized as 408 follows: The presence of absorbed surface lubricating layers during 499 AFM measurements has been proposed previously. 71 The SiO 2 500 present at the colloid probe surface and the wafer will provide an 501 attractive potential that serves to flatten the random coil config-502 urations of the PDMS molecules, forcing chains to lie parallel to 503 the surfaces. Upon the approach of two mica surfaces in PDMS 504 using SFA, the force between the plates was found to jump with a 505 periodicity corresponding to 0.7 nm, the diameter of a PDMS 506 chain, 70 when the separation distance between the surfaces was 507 of the order of 5À6 nm. 68 The polymer chains are forced into a 508 parallel configuration by the approaching plates such that these 509 layers at the solid/liquid interface have a thickness of several In the current work, we assume that layering of the PDMS 517 molecules will occur at the SiO 2 and Si surfaces regardless of the 518 molecular weight of the PDMS employed. When the colloid 519 probe is in contact with the film, the maximum mean contact 520 pressure, P, can be estimated using the following relationship:
521 522
where, F c is the compressive load of 500 nN applied during the 523 dwell period. The calculated values of P are given in Table 1 and   524 are approximately an order of magnitude smaller than 2 MPa. 525 Therefore, it may be assumed that a separation distance of about becomes increasingly insignificant with increasing Ca due to the 599 increase in F peak . 600 The calculated data were relatively insensitive to the absolute 601 value of S 0 and the values of the separation distance, S peak , 602 corresponding to F peak increased with Ca for Ca > 10 À3 and were 603 more than an order of magnitude greater than S 0 at Ca = 1. Thus, 604 in this range of Ca, the value of S 0 becomes an increasingly less 605 significant factor, whereas the deviations from experiment of the 606 calculated values of F peak increase. The values of F peak were 607 calculated using the capillary-viscous model for values of S 0 of 608 5.6, 10, and 15 nm, which are shown in the inset in Figure 8 . 609 Increasing the value of S 0 in this range results in a relatively small at r = a, where ΔP is the difference between the hydrostatic 645 pressure in the fluid and atmospheric pressure as assumed by 646 Matthewson, 33 it may be shown that for a Newtonian liquid
where ξ is the slip length. Assuming that the parabolic approx-648 imation (eq 13) is valid, integration yields
In the limit ξ f 0, eq 35 reduces to eq 3, which was derived for a 650 no slip boundary condition. , based on the capillary-viscous model (eq 5) where k = 2 (thin continuous), 2 Â 10 1 (thin dashed), 2 Â 10 2 (thin dotted), 2 Â 10 3 (thick continuous), 2 Â 10 4 (thick dashed), and 2 Â 10 5 (thick dotted). Langmuir ARTICLE K dx.doi.org/10.1021/la202060f |Langmuir XXXX, XXX, 000-000
